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The start of the Large Hadron Collider (LHC) is scheduled for the Summer 2008.
The accelerator is going to provide unprecedented amount of proton-proton colli-
sions with a record center-of-mass energy. The total number of collisions produced
in an interaction point is directly connected to a collider characteristic called ‘ab-
solute luminosity’. The luminosity depends on a number of quantities like the
number of particles in a bunch, the bunch size and the number of bunches in
a beam. For precise measurements of Standard Model parameters and for the
search of New Physics the LHC experiments count on precise knowledge on its
luminosity.
The absolute luminosity of LHC is going to be measured using various meth-
ods, including the recently proposed beam-gas luminosity method. This method
counts on the reconstruction of beam-gas vertices for measuring the beam shapes
and overlap integral. The beam-gas luminosity method is going to be first tried
in the LHCb experiment, making use of its excellent vertex resolution and accep-
tance for beam-gas events from both beams. At LHC start-up, residual gas in
the beam-pipe of LHCb will produce beam-gas collisions. These will be used for
initial studies of this novel method and for monitoring the position and the angles
of the beams constantly during the run. In order to collect sufficient beam-gas
events, a method must be developed to accept in the High Level Trigger (HLT)
events that contain a beam-gas collision. This must be achieved without notably
affecting the core LHCb physics data acquisition. Therefore, a beam-gas trig-
gering algorithm needs to be developed which efficiently selects beam-gas events
while rejecting at least 99.9999% of events not containing the desired beam-gas
interaction. This trigger algorithm will have to consume a negligible amount of
CPU power in the HLT filter farm. The purpose of the studies presented in this
thesis is to investigate the beam-gas events and the possibilities of their triggering
prior to the decision of injecting gas into the LHC and asking for a dedicated run.
Our first algorithm used directly the measurements (clusters) of the vertex de-
tector. Its results were not so promising but not pushed very far either. Next, a
study with 3D tracks showed that it is possible to achieve reasonable efficiency
with 1 ppm retention, but expected excessive CPU power consumption. There-
fore we investigated an algorithm based on 2D (RZ) tracks which gave promising
results. The actual C++ implementation needs to be done, for timing studies.




Ñòàðòúò íà Ãîëåìèß Àäðîíåí Êîëàéäúð (Large Hadron Collider, LHC) â ÖÅÐÍ
å ïëàíèðàí çà ëßòîòî íà 2008. Óñêîðèòåëßò ùå âîäè äî ñáëúñúê áåçïðåöå-
äåíòíî ãîëßì áðîé ïðîòîíè, óñêîðåíè äî ðåêîðäíàòà åíåðãèß 7 TeV. Áðîßò
êîëèçèè â äàäåíà òî÷êà íà âçàèìîäåéñòâèå íà óñêîðèòåëß å äèðåêòíî ñâúð-
çàí ñ íåãîâà õàðàêòåðèñòèêà, íàðå÷åíà àáñîëþòíà ñâåòèìîñò, êîßòî îò ñâîß
ñòðàíà çàâèñè îò áðîß ÷àñòèöè â ñãúñòúê, ðàçìåðà è áðîß íà ñãúñòúöèòå è äð.
Ïîçíàâàíåòî íà ñâåòèìîñòòà ñ âèñîêà òî÷íîñò å ñúùåñòâåíî çà ïðåöèçíè èç-
ìåðâàíèß íà ïàðàìåòðèòå íà Ñòàíäàðòíèß Ìîäåë íà åëåìåíòàðíèòå ÷àñòèöè,
êàêòî è çà òúðñåíåòî íà Íîâà Ôèçèêà.
Ðàçëè÷íè ìåòîäè ùå áúäàò èçïîëçâàíè çà èçìåðâàíåòî íà àáñîëþòíàòà ñâåòè-
ìîñò íà LHC. Åäèí âúçìîæåí âàðèàíò å ñêîðî ïðåäëîæåíèßò ñíîï-ãàç ìåòîä.
Òîé ñå îñíîâàâà íà ðåêîíñòðóèðàíåòî íà ñíîï-ãàç âåðòåêñè è îïðåäåëßíå íà
èíòåãðàëà íà ïðèïîêðèâàíå íà äâàòà ñíîïà. Çà ïðúâ ïúò òîçè ìåòîä ùå áúäå
èçñëåäâàí íà åêïåðèìåíòà LHCb, êîéòî èìà îòëè÷íà âåðòåêñíà ðàçäåëèòåëíà
ñïîñîáíîñò è âèñîêà ãåîìåòðè÷íà åôåêòèâíîñò çà ðåãèñòðèðàíåòî íà ñíîï-ãàç
êîëèçèè íà äâàòà ñíîïà. Â íà÷àëîòî, ñíîï-ãàç êîëèçèèòå ïîðîäåíè îò îñòàòú÷-
íèß ãàç âúâ âàêóóìíàòà òðúáà íà LHC, ùå áúäàò èçïîëçâàíè çà èçñëåäâàíå
íà íîâèß ìåòîä. Çà äà áúäàò ñúáðàíè äîñòàòú÷íî ñúáèòèß å íåîáõîäèìî â òðè-
ãåðà îò âèñîêî íèâî (High Level Trigger, HLT) äà áúäå ïðèëîæåí àëãîðèòúì
çà ñåëåêòèðàíå èì. Òîçè àëãîðèòúì òðßáâà äà íå âúçïðåïßòñòâà ñúáèðàíåòî
íà äàííè çà îñíîâíàòà ôèçè÷íà ïðîãðàìà íà åêñïåðèìåíòà LHCb, êàòî â ñú-
ùîòî âðåìå åôåêòèâíî ñåëåêòèðà ñúáèòèß ñúñ ñíîï-ãàç êîëèçèè è îòõâúðëß
99.9999% îò ñúáèòèßòà íåñúäúðæàùè èíòåðåñóâàùàòà íè ðåàêöèß. Àëãîðè-
òúìúò òðßáâà äà èçïëîçâà ïðåíåáðåæèìî ìàëêà ÷àñò îò èç÷èñëèòåëíàòà ìîù
íà êîìïþòúðíàòà ôåðìà íà òðèãåðà îò âèñîêî íèâî. Öåëòà íà èçñëåäâàíèß-
òà ïðåäñòàâåíè â íàñòîßùàòà òåçà å èçó÷àâàíåòî íà ñúáèòèßòà ñúäúðæàùè
ñíîï-ãàç êîëèçèè è ðàçðàáîòâàíåòî íà àëãîðèòìè çà òßõíîòî ñåëåêòèðàíå.
Ïúðâèßò èçñëåäâàí àëãîðèòúì, å áàçèðàí äèðåêòíî íà èçìåðâàíèßòà íà âåð-
òåêñíèß äåòåêòîð íà LHCb (êëúñòåðè). Ðåçóëòàòèòå îò íåãî íå áßõà îñîáåíî
äîáðè, íî íå áßõà è òâúðäå äàëå÷ îò öåëòà. Ñëåäâàùèßò àëãîðèòúì, áàçèðàí
íà 3D ñëåäè (òðåêîâå), ïîêàçà ÷å å âúçìîæíî ïîñòèãàíåòî íà äîáðà åôåêòèâ-
íîñò ñ îòõâúðëßíå íà ïîâå÷å îò ìèëèîí-êúì-åäíî ôîíîâè ñúáèòèß. Òîé îáà÷å
íå ïîêðè èçèñêâàíèßòà çà êîíñóìàöèß íà ïðîöåñîðíî âðåìå, êîåòî äîâåäå äî
ðàçðàáîòâàíåòî íà òðåòè àëãîðèòúì, èçïîëçâàù 2D ñëåäè, ðåêîíñòðóèðàíè â
ðàâíèíàòà R-Z. Ðåçóëòàòèòå áßõà îáåùàâàùè. Ñúùèíñêîòî èìïëåìåíòèðàíå
â C++ ùå îïðåäåëè âðåìåòî, íåîáõîäèìî çà èçïúëíåíèå íà 2D àëãîðèòúìà.
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In this chapter we introduce the Large Hadron Collider at CERN [1] and give a
brief description of one of its main experiments, the LHCb. After that we out-
line the recently proposed beam-gas luminosity method and motivate the need
for a beam-gas triggering algorithm in order to monitor the geometrical param-
eters of the beams with this method in LHCb. Finally we describe the main
characteristics of the beam-gas collisions.
1.1 The Large Hadron Collider at CERN
CERN (Conseil Europe´en pour la Recherche Nucle´aire) is located near Geneva,
across the border between France and Switzerland. CERN’s flagship project is
LHC - the Large Hadron Collider, a 26.66 km long proton-proton ring accelerator.
Currently LHC is being installed underground in the old LEP tunnel and is
expected to start operation in the summer of 2008.
The LHC is a proton-proton (pp) collider with center-of-mass energy of
√
s = 14
TeV. The two proton beams will be accelerated in opposite directions in separate
beam pipes (see Fig. 1.1).
The protons in the beams will travel with speed almost equal to the speed of
light and 8.34 T magnets will bend their trajectories in the curved sections. The
magnetic field is produced by superconducting magnets using Nb-Ti conductor
placed into a cryostat containing helium at temperature 1.9 K. The acceleration
is maintained with superconducting radio-frequency cavities.
The primary goals of LHC are to test the Standard Model (SM) description of
particle physics and to look for New Physics:
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Figure 1.1: Schematic overview of the CERN accelerator complex.
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• The yet unobserved and only missing particle in the SM, the Higgs boson,
is expected to be detected at the LHC.
• At these very high energies, new particles beyond the SM predictions are
also likely to be produced. For instance, particles arising from supersym-
metry (SUSY) are hoped to be seen.
• High-precision b-physics measurements will attempt to unravel New Physics
via rare decay channels or subtle CP violation effects.
• In dedicated runs it will provide heavy ion collisions (e.g. Pb-Pb), instead of
pp collisions, to study the behavior of nuclear matter in extreme conditions
and the formation of quark-gluon plasma.
At four points on the accelerator ring the two beams are going to be intersected
for producing proton-proton collisions. The detectors of the four main LHC
experiments are situated at these interaction points (Figure 1.1). At interaction
points IP1 and IP5 stand the general purpose detectors ATLAS (A Toroidal LHC
Apparatus System) [2] and CMS (Compact Muon Solenoid) [3]. ALICE (A Large
Ion Collider Experiment) is located at IP2. It is dedicated to the study of quark-
gluon plasma [4]. The fourth LHC experiment, LHCb (Large Hadron Collider
beauty experiment) [5] is located at IP8 and is going to perform studies on the
CP violation in the B meson systems and searches for New Physics through rare
B meson decays.
In nominal LHC conditions [6] each of the beams will consists of 3564 buckets
equally spread around the ring’s circumference. This implies 3564 × c /(26.66
km) = 40.08 MHz bucket frequency (or 25 ns time spacing) and 26.66/3564 ≈
7.5 m distance between two buckets. Only 2808 of the buckets will be filled with
proton bunches following a complicated filling scheme [7]. Each bunch will consist
of about 1.15× 1011 protons.
The rate of pp collisions, Rpp at each interaction point depends on two quantities
according to the equation :
Rpp = σ
tot
pp L , (1.1)
where
• The total pp cross-section σtotpp = σinelpp + σelpp. The part due to elastic scat-
tering, σppel , leaves the protons intact and is not easy to be measured. The
inelastic part includes the low multiplicity diffractive events whose prod-
ucts fly very close to the beam axis and the high multiplicity hard scatter-
ing events. At
√
s = 14 TeV the inelastic cross-section is expected to be
σinelpp ' 80 mb [8].
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• The luminosity L characterizes the particle beam. It depends on the beam
intensities, the “compactness” of the beam (emittance), the ability of the
magnets to focus the beam at the interaction point (betatron function),
the crossing angle and the bunch crossing frequency. The design nominal
luminosity of LHC is L = 1034 cm−2s−1.
Not all experiments on LHC will operate at its nominal luminosity. For exam-
ple, LHCb will need 100 times lower luminosity in order to make high-precision
reconstruction of secondary decay vertices.
1.2 The Large Hadron Collider beauty experi-
ment
The Large Hadron Collider beauty experiment (LHCb) is a single-arm forward
spectrometer dedicated to the precise measurements of CP violation and rare
decays [5]. The main goal is the study of b hadrons, though other topics will be
investigated as well, e.g. charm physics and light Higgs.
The LHCb detector, housed at the interaction point IP8 where the Delphi experi-
ment used to be, is presently in its final stage of construction and commissioning.
The available physical space in the cavern and the properties of the bb quark pair
production (see section 1.2.1) have driven the design of the experimental setup,
shown in Fig. 1.2.
The main components of the LHCb detector are the vertex detector (Vertex
Locator, VELO) [9], the silicon tracking stations [6], the 4 T·m magnet [11],
the two ring imaging cherenkov detectors [12], the electromagnetic and hadronic
calorimeters [13] and the muon detection system [14]. In our studies we used only
the VELO and below we are going to give grater details only about it.
The right-handed coordinate system is defined in such a way that the z axis points
from the interaction point (z=0) towards the muon stations and the vertical axis
y points upwards. The main magnetic field component is along the y axis. The
angular coverage is 10 – 300 mrad in the horizontal plane and 10 – 250 mrad
in the vertical plane, where the acceptance is given in terms of the polar angle
θ. Equivalently, this acceptance corresponds to a range in pseudorapidity of
1.9 < η < 4.9, where η = − ln(tan θ
2
). The dimensions of the detector are
approximatively (x = 6 m) × (y = 5 m) × (z = 20 m).
LHCb is going to operate at lower luminosity than ATLAS and CMS. The reason
is that the multiple interactions in a single bunch crossing (pile-up) would worsen
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Figure 1.2: Schematic side view of the LHCb detector complex. The single-arm detec-
tor consists of a vertex detector (Vertex Locator), a silicon tracking system (TT and
T1-T3), two RICH detectors (RICH1 and RICH2), an electromagnetic and hadronic
calorimeters (ECAL and HCAL) and muon detecting system (M1-M5).
the detector’s performance in reconstructing the primary pp and secondary B
meson decay vertices. In the Figure 1.3 the dependance of the probability for
observing n=0 – 4 inelastic interactions in a bunch crossing as a function of the
luminosity is shown. The vertical lines at 2×1032 cm−2s−1 and at 5×1032 cm−2s−1
correspond to the nominal and the maximal LHCb luminosity respectively.
1.2.1 b-quark production
The partons involved in hard pp scattering interact with a large momentum trans-
fer. Since the momentum difference of the two partons increases with the center-
of-mass energy, the produced bb pair will be boosted along the direction of the
higher momentum parton and the direction of the beam. The b hadrons contain-
ing the b or b quark are therefore predominantly produced in the same forward
or backward cone [5]. The angular correlation of the b and b hadrons produced
5
Figure 1.3: Probability for having 0 – 4 pp inelastic interactions in a single bunch
crossing as a function of the luminosity. The vertical dashed lines represent the nominal
and maximal LHCb luminosity.
in pp collisions generated by PYTHIA∗ [15] is shown in Fig. 1.4.
Figure 1.4: Correlation of the polar angles of the hadrons containing the b or b quark
produced in the
√
s = 14 TeV pp collisions.
Most probably the bb pairs are going to be produced through quark-antiquark
annihilation or through gluon fusion [16]. Due to non-negligible higher order
∗The LHCb Software uses the PYTHIA version 6.2 event generator.
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contributions the predicted bb production cross section has large uncertainties.
The PYTHIA calculations predict total bb production cross section about 500 µb
(about 230 µb visible by LHCb) in pp collisions with center-of-mass energy 14
TeV. This is about 0.6 % of the inelastic pp cross-section. This means that at
nominal luminosity at the interaction point of LHCb 105 bb pairs will be pro-
duced each second, or 1012 bb pairs each year (assuming 107 operational seconds
per year). The detection of b hadrons with short lifetimes necessitates a vertex
detector which can reconstruct their displaced vertices with high precision.
1.2.2 Vertex Locator
The Vertex Locator (VELO) is the vertex detector of LHCb. It’s primary task is
to provide precise measurements of the coordinates of the charged particles close
to the interaction point. This information is used to reconstruct the primary and
secondary decay vertices. The signature of the presence of b hadron in the event
are secondary vertices of particle production displaced by a few millimeters from
the primary pp vertex (Figure 1.5).
Figure 1.5: A typical b hadron event. The distance between the primary (pp) vertex
and the B meson decay vertex is normally a few mm.
The design of the VELO [9] fulfills the following requirements:
• provide precise coordinate measurements to allow the determination of pri-
mary and secondary vertices.
• provide tracking information before the magnet.
• provide fast 2-D tracking (in the r-z plane) needed for the trigger.
An accurate measurement of track parameters is required to determine the time of
flight of long-lived particles. The forward VELO tracks determine the direction of
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charged particles to be later used for the matching in the other tracking stations.
This sub-detector is also used in the trigger to help identifying signal events.
The VELO has active silicon positioned only 8 mm from the LHC beams and will
operate in an extreme (up to 1.3 ×1014 1 MeV neutron equivalents cm−2 year−1)
and highly non-uniform radiation environment. The complex design of the VELO
silicon sensors exploits radiation hard silicon detector technology including oxy-
genated silicon and n+− on−n semiconductors to extend the functional lifetime
of the sensor.
The VELO consists of 21 stations, placed along and perpendicular to the beam
axis, as shown in Figure 1.6. It is built in two halves similar to a roman pot
design. The pp interaction point is inside the detector. During data taking the
silicon is as close as 8 mm from the proton beams, however, during injection the
sensors are retracted to 30 mm away, as required by the LHC machine.
Figure 1.6: Schematic view of the VELO. The r- and the φ- measuring sensors are
represented with different colors. The two white sensors on the left of the diagram
represent the two pile-up veto counters. The RF foil separating the primary and the
secondary vacuum is corrugated and allows a small overlap between the two detector
halves.
The first VELO station is placed 17.5 cm before the interaction point and the
final station lies 75 cm after it. The stations placed before the interaction point
are required to improve the primary vertex resolution. The stations close to the
interaction point allow to reconstruct tracks with an angle up to 390 mrad. The
most downstream regions are required to reconstruct low angle tracks down to
8
15 mrad. The two stations placed at the upstream end of the VELO act as a
pile-up veto detector. Their measurements are used in the Level-0 Trigger [17]
to suppress events with multiple proton-proton interactions in a single bunch
crossing. Studies on the performance of the pile-up system show that at nominal
luminosity (2 × 1032cm−2s−1) the performance for benchmark B decay channels
can increase up to 20 % through the use of the pile-up system.
Each VELO station consists of left and right module. Each module has two sen-
sors designed to measure the radial position coordinate (r) and the the azimuthal
angle (φ). The layout of the r and φ sensors is shown in Figure 1.7.
Figure 1.7: Layout of the r and φ measuring sensors.
Both r- and the φ-measuring sensors are 300 µm thick and include 2048 silicon
strips per sensor. This amounts to about 170 000 electronic channels for the
whole VELO. The r-measuring sensors are segmented into four 45◦ sectors while
the φ-measuring sensors have an inner region with strips under a stereo angle of
20 ◦ and an outer region with strips under a stereo angle of −10 ◦.
To obtain optimal resolution, the silicon strip detectors are operated in vacuum
and the entire VELO is mounted in a vacuum tank (Figure 1.8). The vacuum
vessel [9] is separated from the primary beam-pipe vacuum by a thin (250 µm)
foil. This aluminium foil protects the primary LHC vacuum and acts as a wake
field suppressor (see Fig. 1.6).
For an average event, the primary vertex resolution in the z-direction is 42 µm
and 10 µm perpendicular to the beam. The precision on the decay length ranges
from 220 µm to 370 µm depending on the decay channel [10].
1.2.3 Trigger system
The LHC bucket crossing frequency is 40 MHz. As not all of the buckets are
filled with proton bunches the actual collision frequency at the interaction point
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Figure 1.8: The VELO and its vacuum vessel.
of LHCb will be about 29.5 MHz [7]. The typical size of a single pp event with
information from all LHCb sub-detectors is about 25 KBytes, i.e. the information
output rate of LHCb is about 738 GBytes/s and the storage of this huge amount
of data is not achievable. On the other hand, only 1 of 160 pp collisions will
produce a bb pair so a procedure has to be developed to reject the uninteresting
events and to keep only the most relevant. This is the task of the trigger system.
At LHCb the trigger system is split into two levels - the Level-0 trigger and the
High Level Trigger [9, 17].
The Level-0 (L0) trigger is implemented in custom electronics. It makes its
decision on the basis of information from three sub-detectors: the calorimeters,
the muon chambers and the pile-up veto detector. The yes/no decision is made
after a fixed latency of 4 µs by the Level-0 Decision Unit (L0DU).
Bunch crossings with multiple interactions are vetoed by the pile-up system.
Motivated by the fact that large mass b hadron decays give a lepton, a photon or
a hadron with large transverse energy ET or momentum pT , L0 reconstructs:
• the highest ET electron, photon and hadron clusters in the calorimeters.
• the two highest pT muons in the Muon detector (M1-M5).
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By looking for a high pT candidate (with pT or ET threshold varying between
1.1 and 3.6 GeV, depending on the sub-detector) the Level-0 trigger enriches
drastically the “hard-scattering” component of the pp collisions.
The L0 trigger reduces the event rate from the initial 30 MHz to 1 MHz. De-
pending on the selected B decay channel, the Level-0 trigger efficiency varies from
40% to 90% [17]. In case of a positive Level-0 decision, a summary containing
the information on the specific event is sent to the High Level Trigger.
The High Level Trigger (HLT) is a software trigger (a C++ application) executed
in a cluster of about 1800 CPUs. It has access to all sub-detectors data, but given
the 1 MHz input rate and the limited CPU power available, it rejects the bulk of
the events by using only part of the full information.
An essential part of the High Level Trigger is the VELO RZ tracking algorithm
which will reconstruct 2D tracks (in the r-z plane) and impact parameters for
more than 99 % of the events passing the L0 trigger. The output rate of the
HLT is 2 KHz which corresponds to 50 MBytes/s, the rate at which the data
is stored for oﬄine analysis. This rate limits the number of events which can
be accepted. Depending on the specific B decay channel the High Level Trigger
efficiency varies from 40% to 80% [17].
1.3 Beam-gas Luminosity method and online
beam monitoring
The ability to determine cross-sections of particle physics processes is of general
interest. For example various experiments at LHC (e.g. ATLAS [2] and CMS
[3]) count on precise cross-section measurements to detect new phenomena due
to physics beyond the SM. Typical examples are the tt production cross-section,
the determination of Higgs boson properties and measurement of New Physics
parameters [18].
1.3.1 Beam-gas Luminosity method
There are various ways, direct or indirect, to measure cross-sections [19]. The
direct methods consist of measuring the luminosity L and the rate of a given






Recently a new method for an absolute luminosity determination in colliding
beam experiments was proposed [19]. The method relies on the measurement
of beam-gas vertices for determining the individual beam shapes and the beam
overlap integral which enter the expression for the luminosity:
L = f N1N2
√




ρ1(x, t)ρ2(x, t) d
3x dt (1.3)
Here f is the revolution frequency, N1 and N2 are the number of protons in the
two colliding bunches, v1 and v2 are their velocities and ρ1 and ρ2 are the time-
dependent bunch density distributions. If the two proton bunches have the same
Gaussian shape and overlap perfectly with no crossing angle, then one obtains
the more familiar expression
L = f N1N2
4pi σx σy
, (1.4)
where σx and σy are the standard deviations of the particle distributions over the
x and y axis†. The beam-gas luminosity method aims at measuring the densities
ρ1 and ρ2 while counting on different methods (e.g. beam current method) for
measuring the total number of protons in the bunches N1 and N2. The method
should allow measuring the absolute luminosity individually for each colliding
bunch pair and would provide information for the beam crossing angles and beam
offsets [19]. Later on, for illustration purposes, we will consider the application
of the method to the LHCb experiment.
The beam-gas luminosity method is not destructive for the two beams because
the required gas thickness is much less than the integrated residual gas density.
Later, in our investigations we consider only the beam-gas collisions which are
caused by the residual gas in the LHC beam-pipe. For issues concerning the gas
additionally injected in the vertex region see [19].
In order to estimate the rate of raw inelastic bunch-gas interactions we assume
a constant density of hydrogen nuclei n in the beam-pipe and assume that the
vertex detector allows reconstruction of beam-gas vertices over a distance d along
the interaction point. Then for a single circulating bunch the inelastic beam-gas
rate, RpH is given by
RpH = σpH N f nd, (1.5)
†The alternative way of describing the transverse beam size is through the normalized emit-




where N is the number of protons in the bunch, σpH is the cross-section for
inelastic pH collision, f is the bunch revolution frequency. The actual rate will
be lower because of the detector acceptance (still in order of 1). The initial
LHC running conditions should provide 43 or 156 proton bunches per beam, each
consisting of N = 5×1010 protons. The transverse beam size will be rather small
σx = σy ≈ 110µm (β∗ = 10 m). Assuming the following values for the rest of the
variables in equation (1.5) σpH = 40 mb, f = 11245 Hz, n = 2.5× 107 cm−3 (i.e.
10−9 mbar at 293◦ K) and d = 3000 mm we get RpH = 0.17 Hz. And for the




≈ 1.5 KHz , (1.6)
where we have assumed σpp = 80 mb.
We may conclude that the beam-gas rates are rather rare (1 for 2 × 104 pp
collisions). Furthermore we have to downscale this rate with the probability
that the beam-gas collision is overlapped with an interesting event that has been
triggered (i.e. with the trigger system event rate reduction 104). It turns out
that only 1 out of 2× 108 events accepted by the trigger will contain a beam-gas
collision. This rate is much too low and we need to apply an algorithm in the
trigger system of LHCb in order to collect more beam-gas events.
The beam-gas triggering algorithm can be implemented in the Level-0 hardware
trigger or/and in the High Level software trigger. Further details on the two pos-
sibilities are given in section 2.3. Below we estimate the characteristics (efficiency,
background retention and time consumption) that an algorithm implemented in
the HLT must possess.
For us ‘useful’ beam-gas events are those which enter the detector’s acceptance
and can be reconstructed. Studies show that they are about 40 % of all beam-gas
events [19]. Then the rate of useful beam-gas collisions for all bunches in a beam
is RbeampH = 0.4 × 0.17 × 2808 ≈ 190 Hz. We have to downscale it with the L0
trigger reduction rate of about 30, so finally for each beam we get about 8 Hz
maximum output rate. A rate of about 2 Hz per beam should be enough for
quick beam imaging so the efficiency of our algorithm must be at least 25 %.
In order to keep the output rate of our algorithm in the order of a few Hz (the
HLT output rate is 2 KHz) we aim at background retention better than 10−6, i.e.
at background events output rate less than 1 Hz. Finally we demand that our
algorithm must use a negligible fraction (< 1%) of the processing power of the
LHCb event filer farm.
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1.3.2 Beam-gas events
The beam-gas collisions will happen everywhere along the z axis as opposed to
the proton-proton ones which will happen in a small region with σlumi = 53 mm
centered at z = 0 mm‡. Previous studies [19] have investigated the distribution of
the z position of the beam-gas vertices (zvtx) using MC simulated events. Later
we will refer to the LHC beam circulating clockwise and traveling downstream the
LHCb detector as beam1 and as beam2 to the other beam. The reconstructable§
beam-gas and minimum-bias¶ primary vertices have the zvtx distributions shown
in Fig. 1.9(a).
(a) Distribution along z of primary vertices with
at least 6 reconstructable tracks.
(b) Number of long-lived charged par-
ticles (e±, µ±, pi±,K± or p±) emerging
from the primary vertex.
Figure 1.9: Characteristics of beam1-gas (dashed), beam2-gas (dotted) and beam-
beam (solid) inelastic interactions. Plots taken from [19].
In Fig. 1.9(b) we show the number of tracks emerging from inelastic beam-gas
and beam-beam collisions (taken from [19]). The beam-gas interactions have
lower multiplicity.
Further investigations [20] estimated the efficiency for reconstruction of beam-gas
events. The VELO primary vertex resolution for pp collisions is about 10 µm in
the x and y directions while the nominal transverse bunch size is about 100 µm.
We expect worse resolution for the beam-gas vertices because they produce less
tracks. It has been shown [20] that in the luminous region (i.e. around z=0) the
primary vertex resolution is compatible with the relation:
‡σlumi of the vertex region is the standard deviation of the z-distribution of the pp collisions
§In this case a vertex is called reconstructable if it produces at least 6 tracks each having at
least 4 MC VELO hits.
¶All pp collisions, including the elastic and diffractive events and the interesting hard scat-






Furthermore the primary vertex resolution gets worse linearly with its distance
from the luminous region. The investigations show that the lower multiplicity of
the residual gas beam-gas events and the small transverse size of the proton beam
won’t allow precise determination of the beam overlap needed for the luminosity
determination. For that purpose a dedicated run and additionally injected gas
will be needed.
The purpose of the studies presented in this thesis are to investigate the beam-gas
events and the possibilities of their triggering prior to the decision of injecting
gas into the LHC and asking for a dedicated run. These data will allow us to
make the case for requesting such dedicated studies.
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Chapter 2
Investigations on algorithms for
selecting beam-gas events
In this chapter we give general details on the software methods and the MC event
samples used for developing and executing our beam-gas trigger algorithms. Later
on, in chronological order, each algorithm and its performance is described.
2.1 LHCb Computing Framework
The LHCb software [21] is based on the object-oriented (OO) architecture of
GAUDI∗ [22, 23] and is written in C++. The distinctive feature of GAUDI is
that the algorithmic part of data processing is also considered as a set of objects.
The data flow between algorithms proceeds via the so-called Transient Store. For
instance, to perform a physics analysis one has to use the Transient Event Store
(TES) as storage place for the particles (objects) we are interested in, allowing
different user algorithms to manipulate on them. All the LHCb applications are
embedded in the GAUDI framework where they perform their tasks:
• GAUSS [24] simulates the pp collisions, the particle decays and the passage
of the particles through the detector. It uses the PYTHIA, EVTGEN [25]
and GEANT [26] MC generators.
• BOOLE [27] performs the digitization of the simulated detector signals.
• The event reconstruction is done with the BRUNEL [28] application.
∗”The Gaudi project is an open project for providing the necessary interfaces and services
for building HEP experiment frameworks in the domain of event data processing applications.”
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• The DAVINCI [29] application is used as off-line data analysis tool.
• The graphical display of the detector geometry and event data objects is
provided by the visualization application PANORAMIX [30].
In Fig. 2.1 one can see a schematic representation of the LHCb Event Model and
data processing applications.
Figure 2.1: Schematic representation of the main data-processing applications and the
different data formats they use. The whole LHCb Event Model is based on the GAUDI
architecture.
2.2 VELO tracking
The tracking in LHCb is done with the BRUNEL reconstruction application.
The tracking (also called pattern recognition) is a sequence of software algorithms
which produces ‘tracks’ from the measured information in the tracking detectors
(e.g. the VELO). In this context, a track is a collection of measurements and
a representation of the state (position and direction, momentum and covariance
matrix) of a particle at one or several locations [31, 32]. Below we give some details
on the VELO tracking which is used in our beam-gas triggering algorithms.
The VELO tracking can be decomposed into 3 steps : Data preparation, 2D
tracking in the r-z projection and (3D) space tracking [33, 34]:
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• Data preparation It consists of decoding of the VELO measurements
and preparation of the VELO clusters for use by the pattern recognition
algorithms.
• r-z tracking It uses the measurements of the r-sensors to reconstruct the
r-z projections of the particle trajectories. Straight lines are searched for
in the same 45◦ sector of every r-sensor. The algorithm loops over pairs of
modules on the same side of the detector separated by one or two stations.
On every step it considers every combination of hits in the two sensors and
tries to match the straight line that connects them with a cluster in the
middle sensors(s). In case of success it tries to extend the r-z track in the
neighboring stations. The produced tracks have information only on the
trajectory in the r-z space and an estimate of the azimuth of the track from
the 45◦ sector.
• Space tracking The three dimensional pattern recognition starts from the
r-z tracks found in the two dimensional pattern recognition and attempts
to add the φ clusters to the tracks.
2.3 General remarks on the beam-gas triggering
algorithms
Our goal is to develop an algorithm for triggering events containing beam-gas
collisions. As we stated in the end of section 1.3.1 we aim at an algorithm with
efficiency at least 25 % and background retention better than 10−6.
One possibility for easy pick up of beam-gas events arises from the filling scheme
of the LHC beams. As described in [7], for each beam there will be 186 bunches
which won’t meet another bunch in the LHCb interaction point so if there is
signal it must be from a beam-gas collision. By applying simple logic in the L0
trigger we can trigger on these events. Another possibility is to use an algorithm
in the HLT to find beam-gas collisions that happen when there are two colliding
bunches. In this case though, in order to be run online, the algorithm should use
negligible (< 1%) fraction of the processing power of the LHCb event filter farm.
Our investigations were focused on the second (HLT) possibility. As a result three
algorithms for selecting beam-gas events were investigated: an algorithm based
on VELO r-clusters, an algorithm based on VELO 3D tracks and an algorithm
based on VELO 2D tracks. Each of them was implemented in python [35] and
the track reconstruction in the last two algorithms was done with BRUNEL v31r8
and PatVelo v2r17. Each of the algorithms is described in a separate section
below.
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In our studies we used the following event samples (MC generated events) which
are part of the LHCb Data Challenge ’06 (DC06) enterprise. HIJING [36] was
used for the beam-gas and PYTHIA for the pp sample. Note that the signal
and background types of events are not the usual. Normally events containing
B → µµ decay are treated as signal but for us the only important feature is the
presence of beam-gas collision.
• 997 Signal events containing exactly one beam-gas collision overlapped
with Poisson distributed pp collisions at nominal luminosity (L = 2×1032).
The events with zero pp interactions were excluded from the sample because
the probability for having L0-passed event with just one beam-gas collision
is quite low. The sample was produced specifically for this study.
• 10 000 Background events containing minimum-bias nominal-luminosity
events which have passed through the L0 trigger.
• 695 757 Background events containing B → µµ inclusive events at
nominal luminosity. We used them in our study because so big minimum-
bias L0-passed sample was unavailable at that time and the inclusive B →
µµ events are typical L0-passed events. Sample taken from the LHCb book-
keeping database, configuration DC06 - phys-v2-lumi2.
• 694 992 Background events containing minimum-bias nominal-luminosity
L0-passed events. This sample was used only for the estimation of the back-
ground retention of the VELO 2D tracks algorithm. Sample taken from the
LHCb book-keeping database, configuration DC06 - phys-v2-lumi2.
In estimating the efficiency and the background retention of our algorithms we
used the following definitions:
Signal efficiency ε =
Number of useful signal events passing the cuts
Number of useful signal events
Background retention R =
Number of background events passing the cuts
Number of background events
By ‘useful signal event’ we mean a signal event whose beam-gas vertex produces
enough tracks to be reconstructed with reasonable resolution. In our study we
used the following definition: we call an event useful (or reconstructable) if its MC
data contains a primary vertex with more than 2 charged particles, each producing
more than 5 VELO hits. Using this definition we end-up with 427 useful events
in our signal sample of 997 events. In Table 2.3 we show the number of useful
events as a function of the definition of reconstructability.
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Ntracks > 2 Ntracks > 3 Ntracks > 4
Nhits per track > 4 430 412 390
Nhits per track > 5 427 411 389
Table 2.1: Number of reconstructable events in the sample of 997 beam-gas events.
The different rows and columns correspond to different definition of reconstructability.
With bold we emphasize on the definition we use in our studies.
2.4 VELO r-clusters algorithm
The first algorithm we investigated was based on VELO r-clusters, i.e. directly
on the measurements of the VELO r-sensors. After the simulation of the event,
the passage of the particles through the detector and the digitization (see section
2.1) the VELO measurements are available in the Transient Event Store (TES)
of the event and can be used in the user algorithms.
The idea of the algorithm is simple: we loop over the VELO r-sensors in each
VELO half searching for a sensor which contains a sector with just one cluster.
When we find one, we move onto the next r-sensor in the loop direction and
check if the same sector of the second r-sensor contains just one cluster too. We
do that in order to skip the time-consuming cluster-matching procedure (if there
is more than one cluster in a sector then there are more than one possibilities for
assigning them to a track). When we find such an r-sensor pair we extrapolate
the line connecting the two ‘single’ clusters to the beam axis (r=0) and calculate
the z-position of the track at r=0, zr=0. If the calculated zr=0 is well outside the
luminous region up to a reasonable value (5 σlumi = 265 mm < |zr=0| < 1500 mm)
we fill the value of zr=0 in a histogram with certain bin-width (algorithm param-
eter 1). We repeat this procedure for all VELO r-sensors and fill all zr=0 values
in the histogram. Finally we get the maximum bin of the histogram and if it is
bigger than a certain value (max-cut, algorithm parameter 2) we accept that the
event contains beam-gas collision. Later we modified the algorithm so it searched
for three successive single-cluster sectors. This allowed better zr=0 determination
as this version used the least squares fitting procedure to determine the track’s
direction. In other words, if the event has some tracks (more than a certain value)
originating from the same region on the z axis, outside the luminous region, it is
triggered by the algorithm as beam-gas event.
Our studies should (normally) be based on L0-passed events. For the signal events
though, such sample was not available at that time and we based our efficiency
studies on all (or on the useful subset of the) signal events. Therefore normally
our beam-gas events will have lower multiplicities. Below we plot some histograms
showing different VELO cluster distributions. In Fig. 2.2 we plotted the total
number of VELO clusters (r + φ) for 1000 minimum-bias Level-0 passed (MBL0)
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Figure 2.2: The total number of VELO clusters (r + φ) in 1000 minimum-bias Level-0
passed (MBL0 - black) and 997 beam-gas (BG - red) events.
substantially higher amount of VELO clusters. Fig. 2.3 shows the number of
single cluster sectors in the VELO r-sensors for 1000 MBL0 and 997 BG events.
These distributions confirmed that the algorithm can be realized as there are
enough single cluster sectors which can be used. Again, the higher multiplicity of
the MBL0 events exhibits in lower number of single cluster VELO sectors (and
higher number of sectors with more clusters). In Fig. 2.4 we plotted the value
n_1cl
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RMS     16.74
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Number of single cluster sectors















Number of VELO sectors with just one cluster: BL=MBL0, RED=BG
n_1cl
Entries  997
Mean    33.18
RMS     19.89
BG
Figure 2.3: Number of single cluster sectors in the VELO r-sensors. The results are
for 1000 minimum-bias Level-0 passed (MBL0 - black) and 997 beam-gas (BG - red)
events.
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of the maximum bin in the zr=0 histogram obtained with the VELO r-cluster
algorithm. This histogram was produced setting bin-width=10 mm for the value
of the bin-width parameter of our algorithm. As expected, there are more tracks
coming from outside the luminous region for the beam-gas sample.
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Figure 2.4: Value of the maximum bin in the zr=0 histogram. The results are for 1000
minimum-bias (MBL0 - black) and 997 beam-gas (BG - red) events.
For estimating the number of events passing through the algorithm we just sum
the number of events in each bin of this histogram starting from the bin corre-
sponding to the second parameter of the algorithm. The results of the r-cluster
algorithm with parameter values bin-width = 10 mm and max-cut = 1 are shown
in Table 2.2. In the rightmost column we give the fraction of events from three
event samples that pass through the algorithm cuts.
Event sample Algorithm version Number of events passing
through the algorithm
BG 2 successive clusters 282 of 427 (66.0 %)
3 successive clusters 240 of 427 (56.2 %)
MB 2 successive clusters 136 of 10 000 (13.6× 10−3)
3 successive clusters 134 of 10 000 (13.4× 10−3)
incl. B → µµ 2 successive clusters 123 of 10 000 (12.3× 10−3)
3 successive clusters 117 of 10 000 (11.7× 10−3)
Table 2.2: Number of the events passing through the r-cluster algorithm with parame-
ters bin-width = 10 mm and max-cut = 1. The results are for the 2– and 3– successive
single-cluster sectors and for three event samples described in section 2.3.
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The results for the signal efficiency is satisfactory but the background retention is
orders of magnitude larger than the desired one and nothing changes significantly
if we vary the algorithm parameters. This motivated us to look for additional cuts
that we can apply. In our further developments we used the following additional
conditions:
a) all the VELO clusters must be before or after (with respect to the z axis) the
calculated zr=0, i.e. the tracks contributing to the same bin in the zr=0 histogram
should have the same sign of their pseudorapidity. This condition reflects the
nature of the beam-gas collisions which produce particles only in the direction of
the flight of the proton.
b) there must be VELO r-clusters in the both VELO halves. This condition
naturally follows from the fact that most of the beam-gas collisions will happen
away from the luminous region and their products will spread in a cone around
the z axis.
In Table 2.3 we summarize the results of the VELO r-cluster based algorithm with
parameter values bin-width = 10 mm and max-cut = 1. In the first row there
are the results of the initial version of the algorithm, without any additional cuts.
The results in the next three rows are from the same algorithm with additionally
applied the a), b) and a) + b) conditions (defined above).
Table 2.3: Results of the VELO r-cluster based algorithm with parameter values bin-
width = 10 mm and max-cut = 1. The different rows correspond to different additional
conditions.
Again we get too many background events passing through our algorithm. By
varying the parameter values we don’t get significantly different results. The
reason is mainly the fact that there are many tracks originating from secondary
vertices, a few cm away from the beam axis. So it often happens that the calcu-
lated zr=0 of the tracks coincidently fall in the same bin of the zr=0 histogram.
We can’t increase the max-cut parameter too much because the efficiency falls
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rapidly. In Fig. 2.5 we show a typical background event that passes all our algo-
rithm cuts (default + a) + b) ). With crosses we designate MC vertices. A pion
Figure 2.5: Schematic view of a background event that passes the VELO r-cluster
algorithm cuts. We have assigned positive and negative values for the distance from
the beam axis for the clusters in the left and right VELO halves respectively.
originating from the primary vertex knocks off a silicon nuclei from the VELO.
When we extrapolate the secondary track produced by the silicon nuclei to the
beam axis, we get a value that passes the z position cut. The requirement that
the event must have tracks in both VELO halves is surpassed in the following
way: the silicon nuclei just goes through the region where the left and the right
VELO halves overlap so it produces hits in both of them. In the schematic of
this event we have assigned positive values for the distance from the beam axis
for the clusters in the left VELO half and negative distance from the beam axis
for the clusters in the right VELO half. If we fold the figure around the beam
axis the longest upper and the lower tracks will overlap, because they are actually
produced by the same particle that has created VELO clusters in the left and
right VELO halves.
Clearly this algorithm doesn’t have the needed retention. Its strong side is that it
is very simple and fast and still its best version rejects 99.9% of the background
events. Possibly the r-cluster algorithm can be used for initial rejection of back-
ground events thus providing much more time for subsequent manipulations on
the passed events.
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2.5 VELO 3D tracks algorithm
Next we investigated an algorithm based on 3D VELO tracks. With this al-
gorithm we wanted to check if our goal for the efficiency and the retention is
actually achievable. This algorithm could not cover our processing-time require-
ments, as the 3D reconstruction of all tracks would take too much time for
the high-multiplicity 14 TeV pp collisions. The 3D tracks were produced with
the PatVeloSpaceTracking and PatVeloGeneralTracking algorithms from the
PatVelo v2r17 package.
The algorithm’s procedure is very similar to the one described in the previous
section. The difference is that now we use the reconstructed 3D tracks instead
of the tracks that we get by connecting two (or three) single VELO r-clusters.
The benefit from using 3D tracks is that now we can tell exactly how close to
the beam axis the track goes, information which we didn’t have in the r-cluster
algorithm. This algorithm has two versions which use different subsets of the 3D
VELO tracks. The algorithm’s sequence is the following :
• Execute the BRUNEL v31r8 algorithms needed to reconstruct the 3D VELO
tracks.
• Iterate over all 3D tracks in the TES.
• Get the value of closest approach of the track to the beam axis and refer to
it as rvtx.
• Get the value of the z coordinate of the track in its position nearest to the
beam. Later on we will refer to this value as zvtx.
• If (5 σlumi = 265 mm < |zvtx| < 1500 mm) we call the track ‘big-z track’ and
continue manipulating on it, else go to the next 3D track in the TES.
• Fill a set of histograms with bin-width = 1, 3, 6, 10 and 30 mm (algorithm
parameter 1) with the value of zvtx of the big-z tracks. Later we will refer
to these histograms as big-z histograms.
• The second version of the algorithm uses the additional constraint that the
‘big-z’ tracks should have rvtx < 1 mm, so it uses ‘big-z and small-r’ tracks.
• For the second version of the algorithm fill a second set of histograms with
the same bin-widths with the value of zvtx of the ‘big-z and small-r’ tracks.
• Finally, when we have iterated over all 3D VELO tracks of the event, we
check if the highest value in a histogram is equal to or higher than a given
value (max-cut = 1, 2, 3, 4, 5 or 6 - algorithm parameter 2). If that is true,
assume that there is a beam-gas interaction, i.e. trigger on the event.
25
In Fig. 2.6 we plotted the total number of 3D VELO tracks in an event for our
sets of 1000 MBL0 and in 997 BG events. It gives an idea of the number of tracks
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Number of 3D Velo Tracks: BL=MBL0, RED=BG
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Figure 2.6: Number of 3D VELO tracks in 1000 MBL0 (black) and in 997 BG (red)
events.
that we have to loop over. The number of tracks in the beam-gas events is smaller
because the minimum-bias events that they are overlapped with can be elastic or
other low-multiplicity interactions, i.e. ‘pure’ minimum-bias.
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3D VELO Tracks’ minimal distance to the beam axis: BL=MBL0, RED=BG
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Figure 2.7: Distance of closest approach of the 3D VELO tracks in 1000 MBL0 (black)
and in 997 BG (red) events.
In Fig. 2.7 we show the distance of closest approach to the beam axis of the 3D
VELO tracks in our MBL0 and BG event samples. As the two graphs are almost
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identical we won’t be able to distinguish the beam-gas events. But, as will be
explained below, the distance of closest approach to the beam axis can be useful
in combination with other property of the track.
In Fig. 2.8, for the MBL0 and BG event samples, we plotted the value of the z
coordinate of the 3D VELO tracks in their position closest to the beam (zvtx). For
the BG events there are much more tracks originating from outside the luminous
region and they are what we are going to use to trigger on the events.
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Figure 2.8: Value of the z coordinate of the 3D VELO tracks in their position closest
to the beam. In black we show the results for 1000 MBL0 and in red - for 997 BG
events.
In Fig. 2.9 and Fig. 2.10 we plotted respectively the efficiency and the retention of
the two versions of the 3D VELO tracks algorithm as a function of the algorithm
parameters - the bin-width and the max-cut. The results for the efficiency of the
two algorithms are similar while the ‘big-z and small-r’ version has much better
retention.
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Efficiency for finding BG events - big Z + small r
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Figure 2.9: Efficiency of the 3D VELO tracks algorithm as a function of the algorithm parameters - the
bin-width and the max-cut. The results for the two versions using ‘big-z’ and ‘big-z and small-r’ tracks are
shown respectively in the upper and the lower part of the figure. For this results 997 beam-gas events were
processed.
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Figure 2.10: Background retention of the 3D VELO tracks algorithm as a function of the algorithm
parameters - the bin-width and the max-cut. The results for the two versions using ‘big-z’ and ‘big-z and small-
r’ tracks are shown respectively in the upper and the lower part of the figure. For this results 695 757 B → µµ
inclusive events were processed.
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Finally we plotted the efficiency vs. retention of the two versions of the algorithm
as a function of the bin-width and the max-cut parameters. In Fig. 2.11 the
results of the ‘big-z’ version are shown while on Fig. 2.12 there are the results of
the ‘big-z and small-r’ version.
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 bin size = 30•
 bin size = 10•
 bin size = 6•
 bin size = 3•
 bin size = 1•
from right to left max-cut
has value 1,2,...,6
Efficincy vs Retention for different param values - big Z   (1e-8 is 0)
Figure 2.11: Results of the ‘big-z’ 3D VELO tracks algorithm. The plot shows the
efficiency vs the retention as a function of the algorithm parameters bin-width and
max-cut.
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Efficincy vs Retention for different param values - big Z + small r  (1e-8 is 0)
Figure 2.12: Results of the ‘big-z and small r’ 3D VELO tracks algorithm. The plot
shows the efficiency vs the retention as a function of the algorithm parameters bin-width
and max-cut.
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This algorithm has very good background retention. There are several values
of its parameters which lead to 0 of almost 700 000 background events passing
the cuts. From statistical point of view we can say that the retention is better
than 3.5 × 10−6 @ 90 % C.L. [37]. Although the 3D tracks algorithm is too
time consuming and uses information which will not be available for all events
in the HLT, we showed in this section that the required efficiency and retention
can be achieved with reconstructed data. Therefore the 2D tracking could be a
good compromise (being much faster to reconstruct than the 3D) to achieve the
efficiency and retention goals.
2.6 VELO 2D tracks algorithm
The third algorithm we investigated was based on 2D VELO tracks reconstructed
in the r-z plane. For the production of these tracks we used the PatVeloRTracking
algorithm from the PatVelo v2r17 package. The default HLT parameters of
PatVeloRTracking are for reconstruction of tracks originating from the lumi-
nous region. The 2D VELO tracks will be reconstructed for more than 99 %
of the events entering the High Level Trigger and this is what motivated us to
develop our VELO 2D tracks beam-gas triggering algorithm.
The algorithm has much in common with the previously described algorithms.
This time though, we had to modify the PatVeloRTracking and the BRUNEL
reconstruction sequence. More specifically, in the 2D tracks beam-gas triggering
algorithm we:
• Execute the PatVeloRTracking algorithm with its default parameter val-
ues (among which we have ZVertexMin = -170 mm and ZVertexMax = 120
mm). As a result in the TES we get the 2D (r-z) tracks originating from the
luminous region.
• Apply another algorithm from the Pat package - the PatFilerUsedClusters
which removes (masks) all r-clusters which have been used in the reconstruc-
tion of the r-z tracks.
• After cleaning the clusters of the tracks coming from the luminous re-
gion we apply PatVeloRTracking again, but this time we change some
of its parameters : ZVertexMin = -1500 mm, ZVertexMax = 1500 mm and
OuputTracksName = "Rec/Track/RZVeloBeamGas". As a result we get
some potential beam-gas r-z tracks in our new container in the TES.
• Modify the PatVeloRTracking so it adds a new ‘state’ to the r-z tracks, a
state at r=0. The only properties we set for the new state are its location
and its z-position:
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– State Location = "LHCb::State::ClosestToBeam"
– State z position = z at r=0, a value which we get by using the (r,z)
coordinates of a measurement assigned to the track and the track’s
slope. Call it zr=0.
• Iterate over all tracks in the "Rec/Track/RZVeloBeamGas" container get-
ting their zr=0 values. If a zr=0 is well outside the luminous region ( |zr=0| <
5σlumi = 265 mm) fill it in a set of histograms with bin-width = 1, 3, 5, 10
and 20 mm (algorithm parameter 1).
• Trigger on the event if the max bin of a histogram has value greater than
some fixed number max-cut = 2,3,...,7 (algorithm parameter 2).
The number of clusters removed by the PatFilerUsedClusters algorithm for
three event samples is given in the Table 2.4. Not surprisingly the beam-gas
events have a bigger fraction of clusters left after the filtering, because the first
application of PatVeloRTracking reconstructs only tracks from the luminous
region.
BG MBL0 B→ µµ
Mean Number
of VELO 782 1145 1232
clusters
Mean Number
of VELO 396 (50.6%) 590 (51.5%) 634 (51.5%)
r-clusters
Mean N of VELO
r-clusters left 205 (51.7%) 169 (28.6%) 183 (28.9%)
after the filtering
Table 2.4: Mean number of VELO clusters, VELO r-clusters and VELO r-clusters left
after the filtering of the used ones in the three event samples. In parenthesis in the two
bottom rows we show the fraction of the r-clusters relative to all clusters (r+phi), and
the fraction of the r-clusters left relative to all r-clusters.
In Fig. 2.13 we plotted the number of r-z VELO tracks which we get in the
container "Rec/Track/RZVeloBeamGas" in the TES. The useful beam-gas events
have an average of about 20 tracks, opposed to 10 for all beam-gas events and
only 3 for the minimum-bias Level-0 passed events.
In the Figure 2.14 and Figure 2.15 we plot the z position of the second pass
r-z tracks (the RZVeloBeamGas tracks) for the beam-gas and the minimum-bias
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Figure 2.13: Distribution of the number of VELO 2D tracks in the
"Rec/Track/RZVeloBeamGas" container. For this plot 104 MBL0 and 103 BG events
were processed. Green - MBL0, Black - all BG, Red- useful BG.
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z position of All tracks at r = 0: BL=BG-all, RED=BG-rctbl
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Entries  8851
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Figure 2.14: z at r=0 of the the tracks in the RZVeloBeamGas container for the
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MBL0 : z position of All tracks at r = 0
Figure 2.15: z at r=0 of the the tracks in the RZVeloBeamGas container for the MBL0
event sample.
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Finally, the results for the efficiency and the retention of the VELO 2D tracks
algorithm are plotted in Figure 2.16. As one can see the best combination of
parameters shown in the plot is bin-width = 10 mm and max-cut = 7. With
these parameter values we have efficiency of about 35 % and only one of almost
700 000 background events passing the cuts, i.e. background retention < 6.3 ×
10−6 @ 95 % C.L. [37].
Efficiency















 bin size = 1•
 bin size = 3•
 bin size = 5•
 bin size = 10•
 bin size = 20•
from right to left max-cut
has value 2,3,...,7
Efficincy vs Retention for different param values (1e-8 is 0)
Figure 2.16: Results for the efficiency and the retention of the VELO 2D tracks
beam-gas triggering algorithm. Each color represents different value of the bin-width
algorithm parameter and each point corresponds to different value for the max-cut
algorithm parameter.
These results show that there are parameter values which make the 2D tracks
algorithm compatible with our needs. The final step, subject of future investiga-
tions, is to implement the algorithm in the C++ framework and benchmark its
speed. If it consumes less than 1 % of the processing power of the event filter





Recently a novel method for measuring the absolute luminosity in colliding beam
experiments at circular accelerators was proposed. The method relies on re-
construction of vertices from beam-gas collisions to measure the colliding bunch
profiles and to determine the beam overlap integral. The beam-gas luminosity
method is going to be applied for the first time at the Large Hadron Collider
beauty experiment (LHCb) at CERN. With the use of additionally injected gas
in the luminous region and in a dedicated LHC run the method may provide
an absolute luminosity measurement with accuracy 1% . On the other hand,
beam-gas collisions of protons of the beam and atoms of the residual gas in the
beam-pipe (mainly hydrogen) can be used for online monitoring of the positions
and the angles of the two beams.
In this Master Thesis we demonstrate the need of a beam-gas trigger in order
to make use of the beam-gas events. The beam-beam and beam-gas event rates
and the properties of the trigger system of LHCb lead to the necessity of a beam-
gas triggering algorithm with efficiency at least 25 % and background retention
10−6. In order to be run online, the algorithm should use a negligible fraction
(< 1%) of the processing power of the LHCb event filter farm. Our work con-
sists of investigations on MC simulated beam-gas and minimum-bias events and
the implementation in python of three software algorithms for selecting events
containing beam-gas collisions. The investigated algorithms used the simulated
measurements of the vertex detector of LHCb, the Vertex Locator (VELO), and
the GAUDI-based event reconstruction application BRUNEL.
The first algorithm used directly the VELO r-sensor measurements to construct
straight lines through them. It selects beam-gas events with efficiency better than
50%. With this simple and very fast algorithm we achieved background retention
of about 10−3. Possibly the r-sensor algorithm will be used as a first stage of a
more complex beam-gas triggering algorithm.
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The second algorithm was based on 3D VELO tracks. The processing power
consumption of the 3D track reconstruction algorithm makes it impossible to
use this algorithm online. With it we aimed at estimating the best possible
efficiency and retention we can get. The results were promising: with a given set
of algorithm parameters we achieved 70% efficiency and background retention
better than 3.5 × 10−6 @ 90 % C.L. It encouraged us to investigate a faster
algorithm using 2D tracks.
The third algorithm we investigated used 2D VELO tracks, reconstructed in the
r-z plane. The development of this beam-gas triggering algorithm was motivated
by the fact that the essential online event reconstruction in the High Level Trigger
of LHCb produces 2D VELO tracks for almost all events (> 99%) passing the
Level-0 trigger. For a given set of algorithm parameters this algorithm has effi-
ciency about 35% and background retention better than 6.3× 10−6 @ 95 % C.L.
which is completely satisfactory. For more precise estimation of the retention the
algorithm has to be applied to MBL0 sample with a few million events.
The natural continuation of our investigations includes the implementation of
the 2D tracks algorithm in the C++ framework and the benchmarking of its
speed. If the results show that the algorithm uses less than 1 % of the processing
power of the event filter farm, it can be used in the HLT for online selection of
beam-gas events. The future investigations should make a more precise study on
the retention and the efficiency for selecting L0-passed beam-gas events. Also we
have to explore the possibility of combining the cluster-based and the 2D tracks
algorithms in order to get faster event processing.
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